A general procedure was developed for calibrating multiparameter probability distributions of daily precipitation to single-parameter distributions. The approach uses monthly precipitation summaries and data from U.S. Weather Bureau Technical Paper 57 (Miller and Frederick, 1966). The threeparameter beta-P model of daily precipitation amount was calibrated for 33 sites east of the Rocky Mountains. The resulting single-parameter Weibull distribution and two other single-parameter precipitation distributions were compared with respect to their fit to Paper 57 summaries and historical daily precipitation records. The Weibull model was shown to yield significant improvement over the other models in reproducing precipitation probability distributions.
INTRODUCTION
Mathematical models of wet day precipitation amount are useful in a variety of water resource applications. When available, historical records of daily precipitation may be used to estimate parameters of appropriate probability distributions. However, in many cases, these records are either inaccessible or nonexistent and information is limited to regional summaries of mean monthly precipitation and number of wet days. In such situations, precipitation probability distributions based on a single parameter (mean wet day precipitation) are required [Haith, 1986; Richardson, 1985 Single-parameter probability distributions can be derived by calibrating multiparameter distributions. For example, a special case of the beta-P distribution [Mielke and Johnson, 1974 ] was calibrated to a single-parameter model by Pickering et al. [1988] based on 25 years of weather data available at three sites. This model was shown to provide consistently better results than the exponential distribution, particularly in the case of extreme event prediction for these sites.
Calibration procedures based on historical records are of limited interest, since these same records would permit the direct use of the presumably more accurate multiparameter models. However, calibration from summarized precipitation data such as those contained in U.S. Weather Bureau Technical Paper 57 [Miller and Frederick, 1966] (subsequently referred to as Paper 57) is also possible. This information was used in the present study to calibrate the three-parameter beta-P distribution to a one-parameter model which is a member of the Weibull family of distributions.
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0043-1397/90/90WR-01648505.00 objectives: (1) to illustrate the use of Paper 57 information to calibrate wet day precipitation probability distributions, and (2) to compare three single-parameter distributions, the exponential, Pickering et al. calibrated beta-P, and calibrated Weibull.
DERIVATION OF A WEIBULL DISTRIBUTION FOR DAILY PRECIPITATION
Generalized Three-Parameter Beta-P Distribution A beta-P model has shown good potential as the basis of simple precipitation models. In addition to the useful properties of having closed form expressions for the cumulative distribution and moments, it is invertible, and performs well in precipitation modeling [Mielke and Johnson, 1974; Pickering et al., 1988] . In its general form, the beta-P distribution, which is also known as a Burr type XII distribution [Burr, 1942; Rodriguez, 1977; Tadikamalla, 1980] , has three parameters, and is given by 
Model Calibration
Paper 57 provides the expected number of 24-hour precipitation events exceeding 0.5, 1, 2, and 4 inches (1 inch -2.54 cm) in each month for the continental United States. This information may be used to calibrate precipitation probability distributions. If Xm is precipitation amount on a wet day in month m, the probability of precipitation in excess of x is Pr{Xm > x} = 1 -Fxm(X ) (7) where Fxm(X) is the cumulative probability distribution for 
The squared error criterion was selected to minimize large model errors. The chi-square measure has the advantage of normalizing the errors, so that sites with large expected storm counts do not dominate the sum. Also, for large sample sizes, the variances of minimum chi-square estimates converge to the Cramer-Rao lower bound [Bickel and Doksum, 1977] . Hence the chi-square estimator shares the asymptotic efficiency characteristics of maximum likelihood estimators [Moore, 1978] .
Although not used in this study, a likelihood function can in principle be maximized to estimate the parameters a and c. Letting Tm be the total number of wet days over the period of record in month m at a site, and tm(X ) be the number of wet days in which precipitation exceeded x, the probability of the three observations tm(0. The distributions of relative errors are displayed in Figure  5 as box plots. In these plots, the box shows the interval containing 75% of the data points and having equal number of points above and below the median value, while the whiskers define the region containing 90% of the data from the sample. From the box plots it is again evident that the performance of the models in predicting 0.5-inch storms is roughly equal, and the performance in 1-and 2-inch events shows deterioration in all three models. In these categories, the exponential model substantially underpredicts the number of events. The Weibull appears to provide the most accurate predictions, although it shows a wider spread of error, which is confirmed in Table 1 by a larger coefficient of variation. Note that the median of the Weibull distribution is nearly 2.5 times as large as that for the exponential in storms which yield over 2 inches of precipitation. This difference can be expected to have a significant impact in systems which are dominated by the occurrence of extreme events.
Validation With Historical Precipitation Data
Since the Weibull distribution was calibrated to the 33 sites using Paper 57 data, we might expect a better fit to these data than that provided by the exponential or oneparameter beta-P models. To explore the general validity of each distribution, we compared them to empirical frequency distributions determined from historical precipitation records from the 11 sites in the northeast United States listed The chi-squared test does not give an indication of the type of errors which are occurring. In this regard it is useful to examine graphic evidence of the fit of these distributions. Figure 6 shows the empirical and three analytical distributions for Pittsburgh, Pennsylvania for the month of January. The chi-squared values for the distributions are 120.6 for the exponential distribution, 85.9 for the beta-P, and 34.2 for the Weibull. Thus the fit is somewhat better than average for the first two, and somewhat worse than average for the Weibull for this month and site, compared to the full 11 sites. Even so, the errors in fit exhibited by the former distributions are quite evident. The beta-P and exponential models overpredict the probability of small events, and underpredict extreme events.
In many applications, prediction of extreme large events is of primary importance. Figure 7 gives the plotting positions of the 10 largest precipitation events for each month in Pittsburgh. The y axis gives the probability for the event (logarithmic scale), and the x-axis records the ratio of event size to mean event size. The beta-P distribution overpredicts the return period of very large events, while the exponential overpredicts the return periods for the majority of historical events. The Weibull appears to fit the data quite well, without obvious systematic error. Note that for events which yield 8 times the average wet day precipitation the return period of the exponential is 13 times as long as that of the Weibull, while the beta-P is 2.5 times as long. Given that this event has a historical return period of about once in 300 wet days, this discrepancy is potentially important for engineering applications.
CONCLUSIONS
Single-parameter probability distributions of daily precipitation are useful in a variety of water resource applications. Although such distributions are not generally as accurate as multi-parameter distributions, they can be used in situations where weather data are limited to monthly summaries. This paper has developed a general procedure through which precipitation summaries given in U.S. Weather Bureau Technical Paper 57 can be exploited to calibrate multiparameter distributions to single-parameter distributions. The approach was used to obtain a single-parameter Weibull 
